SUMMARY It would be of benefi t to have a better understanding of the relative effects of genetics and environmental factors on craniofacial parameters when undertaking orthodontic therapy and treatment planning. However, there is a lack of such information in pre-adolescents. The aim of this study was to verify the degree of genetic and environmental contribution to the growth of the facial skeleton in twins aged 6 to 12 years. The material comprised the lateral cephalograms of 89 pairs of female twins in Beijing, China, of whom 61 pairs were diagnosed by DNA analysis as monozygotic (MZ) and 28 pairs as dizygotic (DZ). Four main groups (with a starting age of 6, 7, 9 and 11 years) were studied in a semi-longitudinal manner, with a sub-group further investigated for 2-4 consecutive years. The total sample therefore consisted of 183 pairs (MZ 110, DZ 73) aged from 6 to 12 years. The depths of the cranial base, mid and lower face were measured, as well as anterior and posterior face height.
Introduction
Orthodontic growth modifi cation has generated controversy in recent years (Gianelly, 1995; White, 1997 White, , 1998 Bowman, 1998; Dugoni, 1998) . Twins serve as a unique resource for evaluating the interactions between genetic and environmental effects, helping to provide a more scientifi cally based rationale for orthodontic treatment (Lauweryns et al., 1993) .
Many polygenic craniofacial traits are susceptible to environmental modifi cation, and can be diffi cult to study with conventional methods (Bixler, 2000) . Twin studies provide an opportunity to analyse such traits. Classical methods of analysis have been based on comparisons of the differences within pairs of monozygous (MZ or identical) and dizygous (DZ or fraternal) twins, the extent of the differences being taken as an indication of the relative genetic infl uence on variation of the characteristic studied (Lundström, 1984) .
In order to verify the degree of genetic contribution to the growth of the facial skeleton, only a few investigators have undertaken longitudinal observations on a group of twins aged 6-12 years. Dudas and Sassouni (1973) studied 22 pairs of twins, 12 being MZ (10 female and 2 male) and 10 DZ (7 male and 3 female). All twins were examined from 4 to 13 years of age during their growth period. This was the fi rst reported study designed to evaluate twin growth, though limited by the small sample size. However, in view of the large number of variables present, it was diffi cult to assess the longitudinal effects. Nakata (1978) made his craniofacial observations over a period of 7 years, starting at 3 years of age. He investigated 28 MZ twins, 9 DZ twins, and 12 twins of unknown zygosity. Unfortunately, due to the small number of DZ twins (three 3-year-old twins, three 4-year-old twins, six 7-year-old twins, six 8-year-old twins, four 11-year-old twins, and four 12-year-old twins) he could not draw any clear conclusions.
Ishikawa (1991) studied 12 MZ and 13 DZ male twins from 6 to 15 years of age utilizing lateral cephalograms. He found that mandibular height showed the lowest heritability, but all the mandibular dimensions seemed to converge to almost the same high range of heritability with increasing age. However, there were a number of limitations to the study design, which related to the accuracy of zygosity determination (using the samples of 30 years ago) and the use of heritability.
The aim of the present investigation was to explore the genetic and environmental infl uences on craniofacial dimensions in a group of pre-adolescent subjects, using the twin study method.
Materials and methods
The sample consisted of lateral cephalograms of 89 pairs of female twins in Beijing, China. Sixty-one pairs were diagnosed as MZ and 28 pairs as DZ. Zygosity was determined by DNA fi ngerprinting of the twins using human minisatellite probe 33.15. Based on DNA fi ngerprints, on average 32.5 bands were detected and the coincidence of a band in twin sisters was 0.511. Therefore, the probability that sisters of the DZ twins shared an identical DNA fi ngerprint was 3.34 × 10 -10 , calculated as 0.511 32.5 , implying an accuracy of 99.99 per cent (Hill and Jeffreys, 1985) .
Using a mixed longitudinal method, i.e. further twin pairs were recruited during the trial and added to the original sample of 89 pairs, a total sample size of 183 pairs (MZ 110, DZ 73) of female twins, ranging in age from 6 to 12 years, was analysed (Table 1) .
The initial samples were grouped primarily into ages 6, 7, 9 and 11 years and were re-examined the following year. To increase the number of DZ twins, additional DZ pairs, aged from 7 to 10 years, were recruited to the study over three to four consecutive years (see Appendix, Tables A1 and A2 ).
All procedures were carried out with the informed consent of the parents following protocols reviewed and approved by the appropriate institutional review boards of the Peking University Health Science Centre.
The lateral cephalograms were obtained with a Siemens Orthophos CD system (Pelton & Crane, Charlotte, North Carolina, USA). Each radiograph was traced onto frosted acetate paper and digitized (Microtek, Phantom 3500 Scanner, Zhongjing Computer Company Limited, Shanghai, China) to a computer. Linear dimensional values were measured using computer software (School of Software, Tsinghua University). One hundred and fi fty-two radiographs were randomly selected and the tracings and measurements repeated by the same investigator (JP) after an interval of one month to determine measurement errors (ME) in each age group (Table 1) .
The landmarks used are shown in Figure 1 . Each dimension was measured to the nearest 0.5 mm. Comparisons were carried out between the average intrapair differences (AID) of ME and MZ twins, MZ and DZ twins, expressed as AID(ME), AID(MZ) and AID(DZ).
Data were analysed using the Statistical Package for Social Sciences (SPSS/PC for Windows, version 10, Chicago, Illinois, USA). In some instances, the variances between the two groups were not found to be the same when applying Levene's test for equality of variances. An F test would therefore have been inappropriate and, for this reason, a t-test was used in the analyses. A two-tailed t-test was used as it is more conservative than a one-tailed test.
Since MZ twins are assumed to possess identical genetic material, any differences between them must be attributable to environmental factors. Measurement errors were included in the analysis of MZ twins. Therefore, environmental factors are represented by the difference between the average variability of MZ twins and the ME. If the difference between them is signifi cant, then environmental factors are considered to play a role.
The differences in average variability between DZ and MZ twins may be used as an estimate of the genetic Table 1 Distribution of measurement errors (ME), and the number of monozygous (MZ) and dizygous (DZ) pairs used in the study. portion of total variation. Again, variability between MZ may be due to environmental infl uences and ME. When twins are homologous (same race, same geographical area, etc.), the average environmental differences for DZ and MZ twins are the same. Homogenity of the MZ and DZ types must be statistically tested (Christian, 1979; Sharma and Corruccini, 1986 ). Most differences in means between zygosity groups were not signifi cant in the present study.
Even if there were statistical differences, these were very small (Peng, 2002) . Therefore, the differences between average variability of DZ and MZ twins can be attributed to genetics. If the difference between DZ and MZ twins is signifi cant, then a genetic source of variation is considered to be present.
Results

Cranial base depth
The signifi cant difference between AID(MZ) and AID(ME) indicated that measurement of cranial base depth was suffi ciently accurate to detect environmental infl uences affecting MZ twins at 9, 11 and 12 years of age (Table 2) . Based on a comparison of AID(MZ) and AID(DZ), a genetic contribution to variation was detectable at 8 years of age (Table 3) .
Mid face depth
A similarly signifi cant difference between AID(MZ) and AID(ME) was found at 8, 9, 11 and 12 years of age ( Table 2) . Comparison of the difference between AID(MZ) and AID(DZ) revealed a genetic contribution to the variation at 10 years of age (Table 3 ). In addition, the data indicated that mid face depth was more sensitive to environmental effects than cranial base depth.
Lower face depth
The difference between AID(MZ) and AID(ME) was statistically signifi cant at 8, 9, 10, 11 and 12 years of age (Table 2 ). Based on comparison of AID(MZ) and AID(DZ), a genetic contribution to variation was detectable only at 10 years of age (Table 3) . Environmental infl uences provided the greatest contribution to variability of lower face depth among the observed dimensions.
Anterior face height
The signifi cant difference between AID(MZ) and AID(ME) showed that measurement of anterior face height was suffi ciently accurate to detect environmental infl uences producing differences between MZ twins at 7 and 9 years of age (Table 2 ). However, a clear genetic contribution to variation was apparent at 9, 10, 11 and 12 years (Table 3) .
Posterior face height
In addition to signifi cant differences between AID(MZ) and AID(ME) at 7, 9, 10, 11 and 12 years of age (Table 2) , there were also statistically signifi cant differences between AID(MZ) and AID(DZ) at 8, 10, 11 and 12 years of age (Table 3) . Table 2 Mean intra-pair differences in linear dimensions of monozygous (MZ) and measurement error (ME) pairs (independent-sample t-test). 
Discussion
For over 100 years, twin studies have served as a basic tool in evaluating the relative contribution of genetic and environmental factors (Corruccini et al., 1990; Harris and Potter, 1997) . However, the twin method is limited in several ways, not only because it is diffi cult to obtain a suffi cient number of twin pairs, but also because it can be diffi cult to establish zygosity and confi rm that environmental factors are in fact the same for both members of a twin pair (Proffi t, 2000) . In this investigation, 183 pairs of female MZ and DZ twins ranging in age from 6 to 12 years and demonstrating good homogenity (same race, same geographical area, etc.) were studied. This was confi rmed by the homogenity of the twin types and the similar measurement means for both groups (Christian, 1979; Sharma and Corruccini, 1986) . Even when statistical differences between the twin groups were detected, they were very small (Table 3) . For these reasons, comparisons of the MZ and DZ types were likely to be unbiased. Moreover, zygosity was confi rmed by DNA fi ngerprinting with an accuracy of 99.99 per cent (Hill and Jeffreys, 1985) .
Heritability has been calculated in the majority of twin studies, but for some investigations the closest approach to heritability is the proportion of variance between DZ pairs that is lost when the genotype is held constant (Osborne and DeGeorge, 1959) . There are some other shortcomings in determining heritability, such as bias caused by measurement accuracy and the method of statistical analysis applied (Shapiro, 1969; Harris and Potter, 1997) .
The high signifi cance of AID(MZ) and AID(ME) suggests that the measurements were suffi ciently accurate to permit detection of environmentally infl uenced differences between MZ twin pairs. Signifi cance of the MZ and DZ comparisons suggests a relatively large genetic component of variability in a population for a trait. The present approach is less misleading than heritability and, more importantly, lends itself to tests of signifi cance.
Based on the statistical results (Table 2) , environmental infl uences were observed for the three measurements of facial depth. When the level of signifi cance and also the AID are considered, lower face depth appeared to be most sensitive to these environmental effects. In spite of the detection of environmentally infl uenced differences between MZ twin pairs, the AID of MZ (Table 3) were relatively low, suggesting that the genotype may be held constant, especially for cranial base and mid face depths. In addition, the comparisons of AID(MZ) and AID(DZ) for the three facial depths were not signifi cant for most age groups (Table 3) , indicating two effects: either that the genotype is held constant, or that the phenotype is sensitive to environmental infl uence. Further analysis suggests that cranial base depth tends to be genetically constant, lower face depth tends to be environmentally infl uenced, and mid face depth lies between the two.
Anterior face height was less signifi cant for AID(MZ) and AID(ME), but it was signifi cant for AID(MZ) and AID(DZ), indicating a relatively large genetic component of variability. It is of interest that posterior face height was signifi cant for AID(MZ) and AID(ME) and also for AID(MZ) and AID(DZ), which suggests that this variable has detectable environmental effects but may also be genetically infl uenced. It should be noted that there was no clear trend observed in relation to the age groups for the different variables. This may be a sampling problem or may indicate signifi cant genetic input at only certain ages. A possible explanation for some of these inconsistencies might be differences in the timing of onset, velocity and duration of adolescent growth spurts that at least some of the twins had probably entered. Again, with a relatively small sample and a mixed longitudinal study design, individual differences in the growth pattern within and between pairs may to some extent cause inconsistencies in the fi nal results. Moreover, given that the information in Table 2 essentially indicates whether the variation between MZ pairs exceeds that due to ME, it could be argued that only those variables that show signifi cant differences in Table 2 should be considered in Table 3 . If this theory is followed, the evidence for signifi cant genetic effects on craniofacial variables is somewhat reduced. Fortunately, the ME in the study was very small.
In order to verify the degree of genetic contribution to the growth of the facial skeleton, investigators have made longitudinal observations on groups of twins aged 6 to12 years (Dudas and Sassouni, 1973; Nakata, 1978; Ishikawa, 1991) . In the absence of a larger sample size, clear conclusions cannot be drawn from these studies.
Although a recent cross-sectional twin study of 10 to 13 year olds (Manfredi et al., 1997) was somewhat controversial, i.e. using heritability for analysis and including different genders in the twin samples (Harris and Potter, 1997), there were several intriguing observations relevant to the present research. These crosssectional adolescent and adult twin studies reported the same fi ndings related to facial depth and height (Horowitz et al., 1960; Hunter, 1965) which suggests that there might be a 'universal infl uence' of genetic and environmental factors in craniofacial dimensions for both children and adults.
Even if craniofacial dimensions have relatively high inherited proportions, the environmental infl uences on craniofacial morphology should not be ignored in orthodontic treatment planning. Various parts of the craniofacial morphology respond differently to different environmental infl uences. Horizontal factors decline in genetic contribution as age progresses towards 12 years, whilst vertical factors show the opposite trend. These fi ndings may help clinicians in early orthodontic treatment planning by providing them with a better overall understanding of the factors contributing to variation. If early orthodontic treatment is to be effective, perhaps intervention in the antero-posterior plane would offer improved long-term stability, whilst the vertical plane should perhaps be left to develop into the adult phenotype before treatment. This indicates that the majority of treatment effects should be directed in the antero-posterior rather than the vertical plane, especially for lower face depth.
Furthermore, it should be noted that although vertical factors appear to be strongly genetically infl uenced during the later stages of development, growth modifi cation may be undertaken prior to this. Twin studies merely quantify the extent of genetic and environmental contributions to observed variation in the group under investigation at a given time. The genetic and environmental estimates are not mutually exclusive of each other and they should not be applied directly to an individual in deciding whether a particular treatment will or will not be successful. 
CRANIOFACIAL MORPHOLOGY IN CHINESE TWINS
